The tangent linear and adjoint of an adiabatic version of the Weather Research and Forecasting (WRF) Model with its Advanced Research WRF (ARW) dynamic core have been developed. The source-to-source automatic differentiation tool [i.e., the Transformation of Algorithm (TAF) in FORTRAN] was used in the development. Tangent linear and adjoint checks of the developed adiabatic WRF adjoint modeling system (WAMS) were conducted, and all necessary correctness verification procedures were passed. As the first application, the adiabatic WAMS was used to study the adjoint sensitivity of a severe windstorm in Antarctica. Linearity tests indicated that an adjoint-based sensitivity study with the Antarctic Mesoscale Prediction System (AMPS) 90-km domain configuration for the windstorm is valid up to 24 h. The adjointbased sensitivity calculation with adiabatic WAMS identified sensitive regions for the improvement of the 24-h forecast of the windstorm. It is indicated that the windstorm forecast largely relies on the model initial conditions in the area from the south part of the Trans-Antarctic Mountains to West Antarctica and between the Ross Ice Shelf and the South Pole. Based on the sensitivity analysis, the southerly or southeasterly wind at lower levels in the sensitivity region should be larger, the cyclone should be stronger, and the atmospheric stratification should be more stable over the north slope of the Trans-Antarctic Mountain to the Ross Ice Shelf, than the AMPS analyses. By constructing pseudo-observations in the sensitivity region using the gradient information of forecast windstorm intensity around McMurdo, the model initial conditions are revised with the WRF three-dimensional variational data assimilation, which leads to significant improvement in the prediction of the windstorm. An adjoint sensitivity study is an efficient way to identify sensitivity regions in order to collect more observations in the region for better forecasts in a specific aspect of interest.
Introduction
A common problem in Antarctic weather prediction is sparse observational data in the area. The lack of observations significantly increases uncertainties in the model initial conditions and results in inferior forecast skill, as compared with that in the highly populated midlatitudes of the Northern Hemisphere (Bromwich and Cassano 2001) . In the summer, approximately one dozen radiosonde stations operate over the entire Antarctic continent. In the winter, the number is further reduced. With the exception of the South Pole station, all the radiosonde stations are located on the periphery of the continent. Moreover, except for a few island stations, there are virtually no upper-air stations over the Southern Ocean. Although there are approximately 100 automatic weather stations (AWSs) over the continent, most AWS data are not included in the routine global telecommunication system (GTS) transmissions, and are therefore not available for real-time operational analysis. Currently, several types of satellite observations are available over Antarctica and its surrounding area. However, their usage is limited because of the data contamination by persistent clouds, precipitation, and surface ice over Antarctica and the Southern Ocean. The accuracy of the retrieval algorithms and the effectiveness of various assimilation approaches/strategies for the Antarctic area need further testing and improvement.
Despite difficulties in meteorological analysis in Antarctica, great effort has been made to improve the weather forecasting in the region. Antarctic weather prediction is performed by various nations to facilitate scientific activities on the continent. In support of the flight operations of the U.S. Antarctic Program, the National Center for Atmospheric Research partnered with the Byrd Polar Research Center at Ohio State University to develop the Antarctic Mesoscale Prediction System (AMPS; Powers et al. 2003) . AMPS has provided experimental real-time numerical forecasts for Antarctica since September 2000. Although originally developed with the fifth-generation Pennsylvania State University-National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5; Dudhia 1993; Grell et al. 1995) , the Weather Research and Forecasting (WRF) Model (Skamarock et al. 2005) has recently been adapted to AMPS as the next-generation mesoscale modeling system for Antarctica.
Numerical weather prediction is important for base operations at McMurdo Station in the Ross Island of Antarctica, because it is the logistical hub and the largest base of the U.S. Antarctic Program. On 15 May 2004, a severe windstorm hit the McMurdo Station area. It damaged a lot of facilities and impeded research activities at the station. The most intense wind gust recorded from this event was over 71 m s
Ϫ1
. It was one of the most severe wind events to strike McMurdo Station in recorded history (Powers 2007; Steinhoff et al. 2008) .
Accurate forecasting of such a storm is very difficult with limited observations to properly describe the atmospheric state in Antarctica. It is also unrealistic to deploy a dense surface-based observation network in Antarctica to improve its analysis of the atmospheric state in the foreseeable future. In such an environment, it would be desirable to identify the forecast sensitivity region and sensitivity parameters in the region that could contribute to a significant improvement for weather forecasting at McMurdo. Through such sensitivity studies one can concentrate resources to take observations that are the most useful in improving the weather prediction over a specific target area (e.g., the McMurdo Station).
During the past several years, NCAR has been active in the development of the WRF adjoint modeling system (WAMS). An adjoint sensitivity study of initial conditions to the model forecasts is a very useful approach to identify the locations and variables in the analyses that have significant influence on the model forecast over a specific area (Errico and Vukicevic 1992; Rabier et al. 1996; Langland et al. 1999; Li et al. 1999; Xiao et al. 2002; Kleist and Morgan 2005a,b) . It is a computationally efficient method to determine the sensitivity of the model forecast's response to the model initial conditions. It can be used to locate highsensitivity regions and atmospheric parameters in which small perturbations can have a relatively large effect on specific forecast features. Such a sensitivity analysis will provide guidance on the strategies for observation data collection and observing system deployment. In a previous study, Xiao et al. (2002) performed an adjoint sensitivity study for a cyclone during the North Pacific Experiment (NORPEX) using the MM5 adjoint modeling system (Zou et al. 1997) . It was found that the prediction of the mid-Pacific Ocean cyclone was sensitive to the wind field over the East Asia coast and northwest Pacific region. The cyclone intensity was more sensitive to winds at lower levels than at higher levels. Data impact studies from NORPEX showed a ϳ10% reduction in mean 2-day forecast errors over western North America from the assimilation of targeted dropsondes and satellite wind data (Langland et al. 1999) . The development of WAMS provides an opportunity to test adjoint sensitivity in the May 2004 McMurdo severe wind event (described in Steinhoff et al. 2008) . Such an application can reveal some new insight into the cause of the event, and provide guidance for the collection and deployment of observations to improve the prediction skill of such an event in the future.
This paper is arranged as follows: the next section will provide descriptions and synopsis of the May 2004 McMurdo severe wind event. Section 3 briefly documents the adiabatic WAMS development and its correctness verification. The WRF control experiments with the AMPS analysis using NCEP Global Forecast System (GFS) data and its 24-h linearity test are presented in section 4. We describe the adjoint sensitivity analysis for the event in section 5. Numerical results using the adjoint gradient information to improve the forecast of the event are presented in section 6. A summary and conclusions are provided in section 7.
Synoptic overview of the May 2004 McMurdo severe wind event
The event occurred on 15 May 2004 in the McMurdo Station area in Antarctica (see Fig. 1 for the location). Synoptic analysis indicated that the windstorm was caused by the passage of an Antarctic cyclone. At 0000 UTC 14 May the cyclone was originated over the Amundsen Sea (see Fig. 1 for the location) and moved to the western Marie Byrd Land late on 14 May (Fig. 2) .
From 0700 to 1000 UTC 15 May it crossed the Spine Coast and moved westward across the Ross Ice Shelf. At 1500 UTC it approached the date line and began a northward turn. McMurdo experienced the strongest winds from 1800 UTC 15 May to 0000 UTC 16 May, and the low's positions during this period were to the southeast and east of Ross Island and McMurdo as shown in Fig. 2 . During the passage of the cyclone, the strong pressure gradient to the west of the low yielded an intense southerly flow. The strong southerly inflow over the Trans-Antarctic Mountains, together with a favorable environment, induced severe downslope winds over the Ross Sea. The McMurdo area was badly hit by the severe windstorm from 1800 UTC 15 May. After 0000 UTC 16 May, the cyclone gradually weakened and moved northward to the Terra Nova Bay region.
Brief description of the adiabatic WRF adjoint modeling system
During the past several years, significant efforts at NCAR have been devoted to the WAMS development. With the help of the automatic differentiation software [i.e., the Transformation of Algorithm (TAF) in FORTRAN; Giering and Kaminski 2003] , the WRF tangent linear and adjoint models have been successfully coded, based on an adiabatic version of the Advanced Research WRF dynamic core (WRF-ARW; Skamarock et al. 2005) . There are three phases in developing the system. First, numerical experiments were conducted to make sure the adiabatic version of WRF with simple diffusion and surface drag can reproduce the major features that the full-physics model does. Second, the tangent linear model and its adjoint were generated using TAF. The final step was to verify the correctness of the tangent linear and adjoint models. Skamarock et al. (2005) . We started with a basic, adiabatic version for the tangent linear and adjoint model development. It excludes all major model physics (e.g., the parameterizations for cumulus, microphysics, and radiation). However, both horizontal and vertical diffusions are retained in the adiabatic model. To include a very simple boundary layer process, a surface drag scheme that is similar to Buizza (1994) is incorporated into the model. The scheme essentially provides the model with a surface friction stress that is distributed over the lowest few levels with a linearly decreasing weight. The surface drag coefficient (C d 
b. Tangent linear model and its adjoint
We used TAF to generate the tangent linear and adjoint models for the adiabatic WRF model. Because of the complexity of the model, not all generated codes were correct. TAF had difficulty in handling the WRF model integration scheme (third-order Runge-Kutta large time steps and small acoustic time steps). It also generated a lot of unnecessary basic-state recalculations for the adjoint perturbations. We had to conduct a correctness verification for each subroutine and the top-level solver routine. We made efforts to remove some of the unnecessary recalculation in the adjoint code. The correctness verification was always conducted every time we made a reduction of recalculation and bug fix. The so-called tangent linear and adjoint check procedure follows that of Thépaut and Courtier (1991) and Navon et al. (1992) .
We performed the tangent linear and adjoint checks by integrating the WRF-ARW for one time step, several hours, and up to 24 h. The AMPS initial and boundary conditions of 90-km resolution domain (Fig.  1a) were used for the integration. The initial and boundary conditions were interpolated from the NCEP GFS analysis. The surface wind and SLP at 0000 UTC 15 May 2004 are shown in Fig. 3 . To ensure the correctness of the developed tangent linear and adjoint, verifications with a lot of different cases should be conducted. But for this severe wind case, both the tangent linear and adjoint codes of the adiabatic WRF model passed the correctness check. The testing was performed on the NCAR IBM machine with 64-bit precision. The tangent linear and adjoint codes of the WRF simplified model were verified within machine accuracy (Navon et al. 1992) .
WRF control simulations and linearity test
With the initial conditions in Fig. 3 for a 90-km resolution AMPS domain in Fig. 1a , WRF control experiments were conducted. The domain configuration is the same as AMPS domain 1 for the real-time setup. There are 110 ϫ 145 grid points in the horizontal and 32 levels in the vertical direction.
a. Control simulation with the WRF full-physics model
The first control experiment includes a full-physics package in the WRF model. The physics used include WSM six-class graupel microphysics scheme, a rapid radiative transfer model for the longwave radiation (Mlawer et al. 1997 ), Dudhia's (1989) shortwave radiation scheme, the Yonsei State University planetary boundary layer scheme (Hong et al. 2006) , and the Betts-Miller cumulus parameterization scheme. The 24-h forecast of surface winds and sea level pressure (Fig. 4a) shows that the cyclone moves to Victoria Land to the north of the Ross Island at 0000 UTC 16 May 2004.
b. Control simulation with the adiabatic WRF model
The adiabatic WRF model was used for the development of the WRF tangent linear and adjoint models. It excludes all the model physics and only simple diffusion and surface drag are included. To compare the forecasts between the WRF full-physics and adiabatic models, a control experiment using adiabatic WRF was conducted. The 24-h forecast of surface winds and sea level pressure is shown in Fig. 4b . Similar to the forecast from the WRF full-physics model, the cyclone is predicted to move to Victoria Land area at 0000 UTC 16 May. The adiabatic model with vertical diffusion and surface drag produced similar wind distribution and speed in Ross Sea, compared with the full-physics model. The major synoptic patterns in surface wind and SLP distributions of the 24-h forecasts are similar in both the full-physics and adiabatic experiments (Figs. 4a, b) . Figure 4c shows the difference fields of the surface wind and SLP between Figs. 4a,b. The surface wind differences are between 0 and 8 m s Ϫ1 . With model physics included, the WRF full-physics model produced weaker cyclone intensity than its adiabatic version did. Because the SLP low/highs are shifted, their SLP intensities show larger differences in Fig. 4c Figure 4d shows the National Centers for Environmental Prediction (NCEP) analysis of surface wind, and the differences between the adiabatic forecast and the analysis at 0000 UTC 16 May. In the McMurdo area, the surface wind speeds of the NCEP analysis are around 5 m s Ϫ1 smaller than in the adiabatic forecast. Because most of the facilities were damaged by the windstorm before 0000 UTC 16 and the observational records were truncated, the NCEP analysis did not show strong winds at the 0000 UTC 16 analysis time. The 24-h forecast by the adiabatic model improves the windstorm intensity from the NCEP GFS analysis. The adiabatic WRF adjoint is used in this study for an adjoint sensitivity analysis. This event was mainly a dynamic process, and the Antarctic terrain played an important role in the severe wind. The adiabatic WRF adjoint is suitable for this adjoint sensitivity study. However, inclusion of model physics should be considered as a next step for the WRF tangent linear and adjoint models.
c. Linearity test
In addition to evaluating the performance of the control simulations, it is necessary to assess the validity of the tangent linear assumption prior to discussing any adjoint-based results (Vukicevic 1991; Errico and Vukicevic 1992; Gilmour et al. 2001 ). Figure 5 shows examples of the initial perturbations of wind components at the surface used for performing the 24-h linearity test. The perturbations are, in fact, the WRF (Fig. 6) . As further validations, we sequentially reduced the initial perturbations by a factor of 10 Ϫ1 and repeated the above experiments. Table 1 shows the ratios of norms between the 24-h tangent linear forecasts and the differences of two nonlinear forecasts over the whole domain. The norm in the table is defined as the summation of the squares of all variables (perturbations of tangent linear model and difference of two nonlinear models) over the whole domain at 24 h. It indicated that the tangent linear forecast approximates the difference of two nonlinear forecasts as the initial perturbations decrease and approach zero.
These results demonstrate that the perturbation evolution is well represented by the WRF tangent linear solutions up to at least 24 h for the 90-km resolution domain at high southern latitudes. In this test, the basicstate trajectory of the WRF tangent linear model is updated every time step from the adiabatic WRF model in this study. The linearity test provides useful information for the WRF four-dimensional variational data assimilation (4DVAR) setup, especially for the 4DVAR assimilation time window configuration (Xiao et al. 2000 (Xiao et al. , 2002 . It also suggests that the adjoint sensitivity of the 24-h forecast for this case is valid.
Adjoint sensitivity analysis of the May 2004
McMurdo windstorm with WAMS
a. Definition of the response function
The adjoint technique is a computationally efficient method to determine the sensitivity of a forecast's response to model initial conditions (Errico and Vukicevic 1992; Zou et al. 1993; Li et al. 1999; Xiao et al. 2002) . It can be used to locate high-sensitivity regions where small perturbations can have relatively large effects on forecast features. The goal of a sensitivity study is to estimate how a particular differentiable function of the model forecast state (called a response function, R) defined at a specific forecast time (t f ) can be modified by changing the model initial state (X 0 ). This estimate, ␦R, is obtained by evaluating the inner product of a sensitivity gradient (‫ץ‬R /‫ץ‬X 0 , the gradient of R with respect to the model state at initial time) with a contemporaneous model initial perturbation (␦X 0 ):
͑4͒
The adjoint of an NWP model is the most efficient means of calculating the required sensitivity gradient (Errico 1997) . Figure 7 shows the schematic of the flowchart for calculating the adjoint sensitivity. Once the response function is defined at the forecast time t f , the forcing of the adjoint model, ‫ץ‬R/‫ץ‬X f , is then calculated as one of the initial conditions for the backward integration. Another required input is the basic-state trajectory, which is stored during the nonlinear model integration. In this study, we stored the trajectory at every time step.
The definition of response function, R, is usually selected according to the problem to be explored. In Gustafsson and Huang (1996) , forecast error, defined as the difference between forecast and verifying analysis using energy norm, is chosen as R. Considering the McMurdo windstorm in this study, we define the response function as half of the square of the forecast wind speed at 0000 UTC 16 May 2004 in the rectangular box (Figs. 4 and 8) around the McMurdo Station:
where (u the adjoint sensitivity is calculated according to (4) as
͑7͒
Therefore, the output of the adjoint model is the gradient of a response function with respect to the model initial conditions, and can be utilized to estimate the change in the value of that response function associated with any arbitrary, but small, perturbation to the model input. Note, that in contrast to the nonlinear and linearized models that relate model input to model output, the adjoint model maps the gradient of the response function with respect to the model output to the gradient of the response function to the model input.
The adjoint of an NWP model is integrated "backward" in time to obtain the gradient of a response function with respect to the model state at initial time. Based on the definition of the response function of (5), the only nonzero gradients for the adjoint model input are with respect to the horizontal wind components inside the defined box shown in Fig. 8 .
b. The adjoint sensitivity for 24-h forecast of the storm
For the selected windstorm case on 15 May 2004, we carried out an adjoint sensitivity examination for the initial conditions (0000 UTC 15 May 2004), as determined by a backward integration of the adiabatic WRF adjoint over a 24-h period. If an initial condition in the positively sensitive area is increased, the predicted windstorm will be stronger and vice versa for the negatively sensitive area. This assertion holds under the assumption that the linear approximation is valid. As we verified in the last section, the linearity of the WRF tangent linear and adjoint model for 24-h forecast of the Antarctica case is valid. Figure 8 shows the sensitivity gradient distribution of the predicted windstorm intensity in McMurdo area at 0000 UTC 16 May 2004 with respect to the initial wind components (u and ) at 0000 UTC 15 May (initial time). For the 24-h forecast of the windstorm in the McMurdo area (the box in Fig. 8 ), the initial winds at 0000 UTC 15 May are sensitive to its intensity. In other words, the initial winds (magnitude and distribution) have a significant contribution to the formation and strength of the McMurdo windstorm. Figure 8 indicates that the adjoint sensitivity with respect to the initial wind fields has a different pattern in the lower levels than in the midlevels. At ϭ 0.9965, the sensitivity to winds in the initial analyses is located in the area south of the Ross Ice Shelf near the South Pole extending to West Antarctica (Figs. 8a,c) . The sensitivities to u are mostly positive in the area, with only a small negative sensitivity area along the 90°W line in West Antarctica and in Marie Byrd Land (Fig. 8a) . The sensitivities to are positive in the area near the South Pole, with negative sensitivities aside in East Antarctica and Marie Byrd Land in West Antarctica, respectively (Fig. 8c) . At the layer 17 ( ϭ 0.7565; Figs. 8b,d) , the sensitivity to initial winds in the Antarctic area are opposite in sign to that at lower levels. In the area to the south of Ross Ice Shelf from the East Antarctica to West Antarctica where the sensitivity gradients are positive (Figs. 8a,c) , we would need to increase u and for a intense windstorm prediction in McMurdo. Likewise, we would need to decrease u and at the midlevels ( ϭ 0.7565) in the area south of the Ross Ice Shelf extending to the Marie Byrd Land in the West Antarctica (Figs. 8b,d) . In other words, the southerly or southwesterly winds at lower levels in the south edge of Ross Ice Shelf to West Antarctica should increase and the northeasterly wind at midlevels from the South Pole to Marie Byrd Land should increase, so as to improve the windstorm prediction (in this case, to increase the intensity of the windstorm at 0000 UTC 16 May 2004). It must be pointed out that the required changes in initial conditions are purely from adjoint sensitivity analysis. Because the adjoint model was developed from an adiabatic version of WRF, we could not include contributions of model physics to the severe wind prediction. However, such a severe wind event is mainly an adiabatic process where terrain plays a major role (discussed in section 5c). The adjoint sensitivity analysis from adiabatic adjoint model should provide a good indication of the full-physics model forecast. We will verify the results in the next section.
Rather than displaying the sensitivities with respect to horizontal wind components as separate scalar fields, an alternate way is to show sensitivity vector as defined by Kleist and Morgan (2005a) . The advantage of the representation of sensitivity vector is that greater insight is afforded into the relative magnitude and directions of the required perturbation to the wind field to get maximum changes in a given response function. Figure 9a indicates that the sensitivity vectors at ϭ 0.9965 in the area between Ross Ice Shelf and South Pole along 180°are toward the north or northeast. But at the midlayers such as at ϭ 0.7565 (Fig. 9b) , the sensitivity vectors are toward southwest direction in the area as well as in Marie Byrd Land in West Antarctica. This means that one should increase the south or southwest winds in the area between Ross Ice Shelf and South Pole at lower levels and decrease them from Marie Byrd Land to South Pole, in order to have a more intense windstorm (closer to the real observation) in the McMurdo Station.
Also shown in Fig. 9 are the sensitivities of the McMurdo windstorm to pressure at lower level ( ϭ 0.9965; Fig. 9a ) and midlevel ( ϭ 0.7565; Fig. 9b ). It indicates that the rather weak windstorm prediction is also due to higher pressure at the lower levels in the area south of the Ross Ice Shelf and north of the South Pole (Fig. 9a) . At midlevel (Fig. 9b) , the pressure should deepen in the area between Ross Ice Shelf and Marie Byrd Land. According to the sensitivity analysis, the pressure low should be located farther southeast from the analysis so as to increase the intensity of the predicted McMurdo windstorm. Figure 10 is the calculated gradient distribution of the predicted windstorm intensity in the McMurdo area at 0000 UTC 16 May 2004 with respect to the initial potential temperature () at 0000 UTC 15 May (initial time). A very sensitive (negative gradient) area to potential temperature is shown along the international date line between the Ross Ice Shelf and the South Pole at the lowest layer ϭ 0.9965 (Fig. 10a) in the initial analysis at 0000 UTC 15 May. The negatively sensitive area is circular and the most sensitive (minimum value) location is in the high land south of the Ross Ice Shelf. In the circular area the winds are southerly or southsoutheasterly from the South Pole to Ross Island. The negative sensitivity in the area indicates that the value of the lower-level temperature (or potential temperature) in the analysis should be decreased in order to have a stronger windstorm prediction 24 h later. We found that negative sensitivities are limited to the lowest several levels. At higher levels, the sensitivity pattern is different. As indicated in the cross section of the potential temperature gradient (Fig. 10b) , negative gradients are located in the boundary layer of the high land and at high levels above the South Pole area. Over the Ross Ice Shelf are positive gradients from lower to high levels. There are also positive sensitivities shown across the South Pole at the lower levels. On the downward slope of the high land to Ross Ice Shelf, the adjoint sensitivity gradient of the potential temperature indicates that the boundary layer near the downward slope surface should have reduced the temperature while upper levels should have increased the temperature. The atmospheric stability (stratification) should be increased on the downward slope to Ross Ice Shelf in order to increase the McMurdo windstorm intensity prediction 24 h later.
c. Physical meanings behind the distribution of the calculated adjoint sensitivity
Described in sections 4a and 4b, the control simulations using both the full-physics model and its adiabatic version did not produce as strong a windstorm as observed in the McMurdo area. Powers (2007) indicated that appropriate initial conditions enhanced by the Moderate Resolution Imaging Spectroradiometer (MODIS) wind data assimilation could improve the storm forecast. In this study, the adjoint sensitivity analysis also provides insightful indication that the shortcomings in the initial conditions contribute a great The analysis shows that the wind flows at the lowest model level (Fig. 10a) are most southerly or southsoutheasterly from the South Pole and West Antarctica area through Ross Ice Shelf to the McMurdo area in the Ross Sea. The topography over the flow passage area is special, having high land over the South Pole and West Antarctica, and being flat over the Ross Ice Shelf and Ross Sea (see Fig. 10b ). Studies by Bromwich et al. (1992) and Bromwich et al. (1994) indicate that the terrain in the area is prone to katabatic winds over the Ross Ice Shelf and McMurdo area. The katabatic winds over the Ross Ice Shelf and McMurdo region are the results when the air over the Antarctic high land becomes negatively buoyant and accelerates downslope onto the Ross Ice Shelf and Ross Sea (Bromwich 1989) . At 0000 UTC 15 May, the cyclone is over West Antarctica; the west sections of the cyclone (around the international date line) are influenced by southerly or south-southeasterly winds. Figures 8 and 9 suggest that the southerly winds over the Antarctic high land in the analysis should be increased at lower levels, but at high levels there should be increased northeasterly winds at the Siple Coast and West Antarctica. This is to increase the inflow speed of the downslope wind at lower levels and its shear in the vertical above the high land of Antarctica. The current analysis in the area has the wind speed lower than the adjoint sensitivity indicated. Another obvious feature shown in Fig. 10b , is that the temperature (potential temperature) above the Antarctic high land and its north slope should be colder than the analysis in the lower levels. The stratification over the north slope of the Trans-Antarctic Mountains should be more stable than the analysis (i.e., ‫‪z‬ץ/ץ‬ should be larger over the north slope).
The Froude number (F r ) is often used as a parameter to describe the stratification of the atmosphere in relation to the airflow to study flow over mountains or downward of the mountains. According to Burk et al. (1999) , the Froude number is defined as
where U is the wind speed, g is the gravitational acceleration (9.8 m s
Ϫ2
), H is the height of the mountain, ⌬ is the increase of potential temperature between the Ross Ice Shelf and the top of the high land, and is the average potential temperature of the layer between the Ross Ice Shelf and the top of the high land. Based on the adjoint sensitivity analysis, U should increase (Figs. 8 and 9) , and ⌬ between the Ross Ice Shelf and the top of the high land should be decreased. In other words, the Froude number (F r ) should be much larger in the real atmosphere than the analysis. In the following section, we will verify the assertion by assimilating some pseudo-observations that are constructed based on the adjoint sensitivity information of wind and temperature in the area to see if the McMurdo windstorm can be intensified from the control simulations.
Numerical experiments of the windstorm using sensitivity gradient information
Although the adiabatic WRF adjoint is used, the described sensitivity gradient (the wind speed change around the McMurdo Station with respect to the model initial state) may be used to identify the sensitive regions and variables that specifically contribute to R in (5). Modifying the analysis using the gradient information can lead to an increase of the wind speed around McMurdo as measured by R of (5). As a simple test, we selected 14 grid points as shown in Fig. 11 , and made pseudo-observations. The perturbations of 5 m s Ϫ1 in wind components (u, ) and 5 K in temperature (T ) of the same sign as the sensitivity fields are projected onto the pseudo-observations. Using the WRF 3DVAR, these 14 pseudo-observations plus the conventional data were assimilated. In the following, we will compare the forecasts of the windstorm using the fullphysics WRF model from 4 experiments: CTRL (the initial conditions are AMPS analyses), GTS (the CTRL analyses are enhanced by conventional GTS data), GTSUV (the CTRL analyses are enhanced by conventional GTS data plus winds of the 14 pseudoobservations), and GTSUVT (the CTRL analyses are enhanced by conventional GTS data plus winds and temperature of the 14 pseudo-observations). In the 3DVAR experiments, the National Meteorological Center method (Parrish and Derber 1992) was used to conduct the background error statistics. The differences between 24-and 12-h AMPS forecasts in May 2004 were taken as background errors to calculate the background error covariance. The observational errors for conventional data were from NCEP, and the errors of pseudo-observations were the same as radiosonde observation errors. As expected, the increments of wind and temperature with the pseudo-observations are much smaller than 5 m s Ϫ1 and 5 K, respectively. However, small perturbations in the initial conditions in the sensitivity area would experience rapid growth in the forecast. We will analyze the 24-h forecast of the experiments with pseudo-observations in the following.
First of all, assimilation of the limited GTS observa-tions in Antarctica slightly improved the McMurdo severe wind forecast. The 24-h surface wind forecast at McMurdo is about 8 m s Ϫ1 in CTRL; but GTS predicted about 10 m s
Ϫ1
. If we had observations in the sensitive region, the McMurdo severe wind event would be better predicted. This assertion can be verified by comparing the analysis increments of GTSUV and GTSUVT from GTS. In GTSUV and GTSUVT, the model initial conditions are enhanced by the pseudo-observations that are constructed based on the adjoint gradient information. Figure 11 shows an example of the impact from pseudowind observations (in experiment GTSUV) compared with GTS. The southeasterly winds at the Siple Coast and West Antarctica are increased at the lowest level in experiment GTSUV after assimilating the pseudo-observations. The southwesterly winds on the north slope of the TransAntarctic Mountains are also increased in experiment GTSUV. These wind changes are based on the adjoint sensitivity information, but the influence on the forecast of the McMurdo windstorm is large (Fig. 12) . It verifies that the forecast of the windstorm is sensitive to the model initial conditions in the area.
The comparison among Figs. 12a-d demonstrates that the surface winds at McMurdo area by the experiments with the assimilation of adjoint sensitivity pseudo-observations (GTSUV and GTSUVT) are much increased from the experiments that did not assimilate the adjoint sensitivity pseudo-observations (CTRL and GTS). Note that assimilating the limited conventional GTS data in Antarctica is not enough to enhance the analysis for the severe storm prediction (Fig. 12b) , albeit it does change the forecast wind distribution around McMurdo (cf. Figs. 12a,b) . The GTS experiment obtains about 2 m s Ϫ1 increase of the wind prediction at McMurdo Station over CTRL. With the assimilation of pseudo-observations, the forecast wind speed in McMurdo is greatly increased. GTSUV obtains 19 m s Ϫ1 and GTSUVT has 25 m s Ϫ1 in McMurdo at 0000 UTC 16 May. When compared with the observation of 28.9 m s Ϫ1 surface wind, GTSUVT has a better forecast of the windstorm intensity than GTSUV. It illustrates that temperature modifications from the sensitivity information play as important a role as wind modifications. Using the adjoint sensitivity information in both wind and temperature pseudo- observations results in a much improved windstorm intensity forecast at McMurdo.
Of course, one big challenge using the adjoint sensitivity information to improve a specific forecast is that we do not know how much we should change the initial conditions to produce the "right" forecast. Hello et al. (2000) proposed an approach to incorporate sensitive structure in the analyses and proved its efficiency. Combined use of sensitivity information and observations with 3DVAR is a feasible method to improve forecast. Following the approach of Hello et al. (2000) , we will also study how quantitatively the modifications of initial conditions can be scaled with the magnitude of sensitivity at each grid point. Using real observations, such as the global positioning system (GPS) data from the Constellation Observing System for Meteorology, Ionosphere, and Climate, we can perform similar adjoint sensitivity tests and examine their impact.
Summary and conclusions
With a great effort, WRF tangent linear and adjoint models based on an adiabatic version of WRF model have been developed. TAF greatly reduced the time for the development. The necessary tangent linear and adjoint tests for the developed adiabatic WAMS were passed. The linearity test indicates that the perturbation evolution can be well represented by the WRF tangent linear solutions up to at least 24 h for the 90-km-resolution model.
It is demonstrated that the newly developed adiabatic WAMS can be successfully applied to adjoint sensitivity experiments. In this study, adjoint-based sensitivities have identified the sensitivity regions at 0000 UTC 15 May 2004 in Antarctica in which additional observations, if included in assimilation, may improve the forecast of the windstorm event on 16 May in the McMurdo Station area. Since the magnitudes of partial derivatives of a defined response function with respect to initial conditions directly account for sensitivity, their fields define sensitivity structures, which allow us to investigate spatial patterns of sensitivity variations.
The sensitivity region for the 24-h forecast of the May 2004 McMurdo windstorm lies in the area from the south part of the Trans-Antarctic Mountains to West Antarctica between the Ross Ice Shelf and South Pole. The adjoint sensitivity pattern shows that the analysis underestimates the southerly or southwesterly winds at lower levels on the southern edge of Ross Ice Shelf to West Antarctica. The northeasterly wind at midlevels from the South Pole to Marie Byrd Land should be larger than the analysis. Apart from the wind differences, the pressure low is weaker in the analysis than adjoint sensitivity indicated. The temperature field shows negative sensitivity gradients in the lowest several levels along the international date line between the Ross Ice Shelf and the South Pole, and positive sensitivity at higher levels over the Ross Ice Shelf. On the downward slope of the high land to the Ross Ice Shelf, the temperature in the boundary layer should be reduced while that in the upper levels should be increased, so as to capture the intensity of the windstorm at McMurdo Station. In other words, the atmospheric stratification over the north slope of the TransAntarctic Mountain should be more stable than the analysis. Combining the sensitivity analysis of wind and temperature, we conclude that the Froude number should be much larger in the real atmosphere than the analysis.
Numerical experiments with the assimilation of pseudo-observations constructed based on the adjoint gradient information in the sensitivity area indicate that appropriate corrections of the model initial conditions can lead to a significant improvement of the 24-h windstorm prediction at McMurdo. More observations in the sensitivity area are necessary for the weather forecasts in McMurdo and Ross Island. Although pseudoobservations are used, data assimilation experiments indicate that improvement of the forecast from assimilating both wind and temperature observations in the sensitivity area is more beneficial than assimilating only wind or temperature data. The results suggest that a forecast with a specific aspect of interest could resort to the adjoint sensitivity calculation, so as to identify and/ or collect more observations in the sensitivity area for analysis of model initial conditions.
We point out that these conclusions are from the adjoint sensitivity point of view. There are other factors that contribute to the failure of the windstorm prediction, such as physics schemes and dealing with terrain in Antarctica in the WRF model. Adjoint sensitivity attributes a specific forecast feature to the model initial conditions. With further improvement of the WRF model, adjoint sensitivity study will identify a more accurate sensitivity pattern and parameters for model initialization in the future.
